Abstract: Thunderstorms may cause large damages to infrastructures and population, therefore the possible identification of the areas with the highest occurrence of these events is especially relevant. Nevertheless, few extensive studies of these phenomena with high spatial and temporal resolution have been carried out in the Alps and none of them includes North-western Italy. To analyze thunderstorm events, the data of the meteorological radar network of the regional meteorological service of Piedmont region (ARPA Piemonte) have been used in this work. The database analyzed includes all thunderstorms occurred during the warm months (April to September) of a 6-year period (2005)(2006)(2007)(2008)(2009)(2010). The tracks of each storm have been evaluated using a storm tracking algorithm. Several characteristics of the storms have been analyzed, such as the duration, the spatial and the temporal distribution, the direction and the distance travelled. Obtained results revealed several important characteristics that may be useful for nowcasting purposes providing a first attempt of radar-based climatology in the considered region.
Introduction
Quantitative understanding of the spatial and temporal distribution of thunderstorms may provide a useful tool to define the most vulnerable areas and to improve the forecasting of such events. Many climatological studies about intense convective precipitation have been conducted to understand which geographical areas are prone to floods or damages caused by heavy rainfall [1, 2] .
These studies were accomplished using surface station reports which normally describe the thunderstorm tracks [1, 3, 4] . Most recently, the adoption of data provided by weather radars often combined with those of other meteorological networks (e.g., surface stations, lightning detection systems) produced more detailed and reliable results. In addition to ground rainfall, observations derived by weather radars enable the retrieval of many parameters as the vertical structure of precipitation, the ice particle distribution in clouds or the spatial coverage of the precipitation event. Furthermore, radar observations are usually available with a temporal resolution of ten minutes or higher.
Although many studies to investigate thunderstorms properties were performed in many regions of the United States (e.g., [2, 5, 6] ), only a few were carried out in Europe [7] [8] [9] .
The objective of this study is to identify the principal characteristics of thunderstorms over North-western Italy and to build a preliminary climatology of storm events in order to provide a statistical support for operational nowcasting activities. To this end, data from the two polarimetric C-band radars managed by Arpa Piemonte [10] have been used. Six years of data from 2005 to 2010 have been considered for the analysis. Even though the relatively short duration of the period is not sufficient for a complete climatological analysis, it can be considered adequate to detect the main features of local convective storms.
In order to identify convective cells, a storm identification and tracking algorithm has been employed. The storm tracking algorithm detects convective events with a maximum reflectivity larger than a given threshold and tracks them in space and time. Once the database including all the storm tracks have been created, the behavior of convective cells in the region has been analyzed to assess specific relations among the most relevant parameters of the storms. In addition, the local scale characteristics has been investigated in order to detect specific spatial patterns linked to the orography of the region. Finally, the thunderstorms location and motion have been compared with the mid-tropospheric winds deduced by radiosounding measurements.
The paper is organized as it follows: in Section 2 the radar network and the dataset characteristics, the storm tracking methodology and the post-processing operations are presented. In Section 3 the main climatological features of thunderstorms, their spatial and temporal distribution and their relation with tropospheric winds are discussed. Finally, in Section 4 the conclusions are drawn.
Data and Method
This study is based on the data collected by the operational radar network managed by Arpa Piemonte. The radar network is composed of two polarimetric C-band radars: the Bric della Croce radar (Bric hereafter), placed at 736 m a.s.l. on the top of the Torino hill and the Monte Settepani radar (Settepani hereafter), placed at 1386 m a.s.l. on the Apennines, at the border between Piemonte and Liguria regions. Arpa Piemonte also manages a third radar, a transportable X-band system, but since this system is not operational (it is used instead for specific measurement campaigns) it is not considered in this work. Main technical characteristics of the C-band systems are listed in Table 1 , while radars' position is displayed in Figure 1a . The operational volume coverage pattern consists of a scan at 170 km range for the Bric radar (136 km for Settepani radar) with a set of 11 elevations (−0.1°to 28.5°for Bric, 0.3°to 28.5°for Settepani) and transmitting a short pulse (0.5 µs). Settepani also performs a secondary volume scan for qualitative monitoring at 250 km (3.0 µs pulse) with only three low elevations. The whole schedule is repeated every 10 min for both radars. Periodic six-monthly preventive maintenance is performed by the manufacturer on both radars. Electronic measurements during the maintenance tasks ensure that the radar constant is carefully checked and accurate within approximately 1 dB. In addition, an operational inter-calibration of the two radars is performed on a daily basis, when enough meteorological echoes are available in the overlapping region, by comparing the 3D volume scan intersecting bins. This check provides a useful way to detect eventual drift of one's radar calibration. The data considered for this study refer to the 6-year period 2005-2010. Due to the specific interest in convective precipitation, only the warm months from April to September have been considered. Both radars have dual-polarization capabilities since the beginning of the period analysed, i.e., in addition to horizontal reflectivity (Z h ), Doppler Velocity (V) and spectral width (σV ) they were able to measure the differential reflectivity Z dr . Hardware upgrades performed afterwards increased the set of polarimetric parameters available. Specifically, during the summer of 2005 the Settepani signal processor was upgraded to measure differential propagation phase shift Φ dp and correlation coefficient ρ HV . The Bric radar had the same receiver upgrade in May 2008. At the same time a power splitter replaced the ferrite polar switch and the receiver was moved from the bottom of the radar tower to the antenna (mounted behind the dish). This involved a change from alternate transmission of orthogonal polarizations to simultaneous transmission. The Settepani radar, on the other hand, still uses alternate transmission. The change in the available polarimetric parameters (and the way they are calculated) during the period considered makes a statistical analysis extremely challenging. It was therefore decided to not consider the dual-polarization measurements for the storm characterization in this instance, but to focus instead on the horizontal reflectivity measurements only. The polarimetric information was however heavily exploited in the data quality control process, specifically for the clutter identification described in the following section. In a future work K dp (the specific differential phase shift, i.e., the range derivative of Φ dp ) will be considered to extend the present reflectivity-based storm analysis. In fact K dp has the remarkable advantages of being immune to calibration errors and to be closely related to the rainfall rate [11] .
Fuzzy Logic Algorithm for Clutter Identification
The algorithm for clutter identification, mainly based on the work of [12] , is operationally implemented on both C-band radars. An asymmetric beta distribution is used as the form of the radar and temperature membership functions (MBF), to allow more flexibility in shaping the probability density:
where the parameters m, a l , a r , b l , b r are derived for each hydrometeor and radar parameter, based on electromagnetic scattering models and statistical analysis over samples of known hydrometeor type [13] . With respect to [12] here the inference rule is not the product of all the MBF: the total probability (P T ) for each hydrometeor type is given by the product of the temperature MBF and the weighted sum of the MBF of radar parameters Z h , Z dr , K dp (specific differential phase shift, i.e., the range derivative of Φ dp ) and ρ HV :
where N = 4, x 1 = Z h , x 2 = Z dr , x 3 = K dp , x 4 = ρ HV , w(x i ) are the weights associated with each radar parameter and T is the temperature from either sounding or model. The different treatment of temperature and radar variables is motivated by the need to mitigate the effect of measurement errors, especially on the dual-polarization parameters, which may show unreliable values mainly due to partial beam filling, side lobes effects, low signal to noise ratio. With the aim to decrease the measurement noise, all radar variables are averaged over a 3 beams × 3 range gates window in the polar volume. When the total probability is below 0.5, the radar cell is considered not classified. The hydrometeor classes are: large drops, drizzle, rain, heavy rain, hail mixed with rain, hail, graupel, wet snow, dry snow, crystals. A peculiarity of this implementation is that the clutter is treated exactly as an additional hydrometeor type and is identified within the same fuzzy logic volume processing, allowing a reduced total computation time. In this case five additional radar parameters are considered: ρ HV , spatial variance of Z dr , spatial variance of Φ dp , Doppler velocity, difference between the actual and a statistical clear sky reflectivity map. When the total probability for the clutter class (Equation (2)) is above 0.5, the polar bin is flagged as contaminated, irrespective of the probability associated to the other meteorological classes. Out of the fuzzy scheme, further checks on the vertical gradient of reflectivity are performed to identify eventual anomalous propagation and second trip echoes. Figure 2 shows an example of a maximum reflectivity map for a convective event before and after the clutter removal process. 
Composite of Lowest Level Reflectivity
Once the polar volume of reflectivity is flagged for clutter, a lowest level Cartesian map is derived for every radar. Initially a 2D polar map is computed, considering the first elevation free of orographic blocking at every (azimuth, range) location. The orographic blocking is estimated using the optical visibility calculated form a high resolution (50 m) digital elevation model. Subsequently the 2D polar map of lowest level reflectivity is transformed in Cartesian coordinates using a simple and fast nearest neighbor assignment. The geographical reference system for the Cartesian products is UTM ED50 (Universal Transverse Mercator, European Datum 1950). The coordinates of the radar maps are conventionally named utmX and utmY (distance along the x and y-directions in km within the fuse 32, covering North-Western Italy). The individual radar maps are then merged to form a radar composite for the North-Western Italy. Different criteria could be used in the merging process (mean, maximum, weighted mean, etc.). The operational procedure implements a weighted average for the merging, the weights being inversely proportional to the height of the radar beam above the ground (estimated from the same optical visibility maps used for the individual radar). The current Cartesian resolution of the radar composite is 0.8 km × 0.8 km. The dBZ reflectivity values are stored in the composite map, leaving to subsequent processing the conversion to rainfall intensity.
Processing for Cell Tracking
In order to characterize thunderstorms, cell parameters derived by the storm tracking algorithm operationally used in ARPA Piemonte since 2005 have been considered. Convective cells are identified analyzing relative maximum values of surface rainfall estimated by the radar composite [14] . To define a convective cell, all grid points on the composite map exceeding 40 dBZ are detected. Afterwards, all grid points exceeding 35 dBZ surrounding the relative maximum already detected are associated to it: a minimum of 5 grid points on the radar domain (which is about 3 km 2 at the current radar resolution) must be identified, otherwise the cell is discarded. In this way, for each cell a centroid is defined. Once active cells are localized, several meaningful storm parameters are computed and associated to the centroid: they can be derived by other composite products, as storm top, storm vertical-integratedliquid [VIL, 15] or associated probability of hail, or derived by satellite data as cloud top and cloud temperature. Tracking is performed in two steps. At first all possible children of a certain parent reflectivity core are searched using the well-known COTREC technique [16, 17] .
In order to increase the reliability of the assignments, some constraints (derived from previous analysis) are applied to reduce the number of possible children: the maximum distance between parent and child reflectivity core is fixed at 8 km, the speed associated with the child core must be less than 3 times the parent one, and finally the new cell cannot reverse the direction of propagation with respect to the previous tracked ones (i.e., the maximum angle is fixed at 180°). Thereafter the assignments are reduced to more probable ones. In this way, all active convective cores within the observation area of the Arpa Piemonte radar systems are identified and tracked, providing storm information about the maximum reflectivity, the duration, the area covered by the convective cell, the travelled distance and other meaningful parameters.
In order to exclude from the analysis possible artifacts and to have a sufficiently uniform database across the whole radar composite domain, the following post-processing operations were performed:
• all cells for which no tracking is available were excluded;
• to produce a reliable dataset, the region of the study was limited. Two criteria were used: (1) a radius of 150 km from the radar locations was imposed in order to consider only events occurred inside this circular area, mitigating the impact of beam broadening; (2) only regions characterized by good radar visibility, i.e., where the height of the lowest non-occluded beam is lower than 5000 m a.s.l., were considered. This second restriction was introduced to allow the detection of thunderstorms with relatively small vertical development. In the following sections several statistics over the cell tracks are presented. Since the reflectivity of the storm cells is in general roughly normally distributed in logarithmic units (dBZ), the statistics (mean, standard deviation, etc.) are calculated over the dBZ values, although this is not a physical unit. The median value may have also been considered, with very similar results, but due to the quantization error (reflectivity is recorded in 8-bit data, giving a 0.5 dB resolution), the arithmetic mean of the log values was finally preferred. This has the advantage of getting a more representative description of the actual distribution of the observations, compared to averaging the backscattered power (the linear reflectivity in mm 6 m −3 ), whose distribution is highly positively skewed. The logarithmic mean is always closer to the median values (generally within 1 dB), compared to the linear mean which may differ from the median by several dB. Mean values of reflectivity are expressed in dBZ while differences are expressed in dB, being non-dimensional quantities corresponding to ratios in linear units.
Results

The Storm Lifecycle
All storm tracks were classified according to their duration (see Table 2 ), showing a rapid decrease of the tracks with duration. Due to the small number of tracks for the longest durations, a threshold of 100 events was imposed, to make each class statistically significant. In this way, only the cells whose maximum duration is 130 min have been considered in the following analysis. Average values of the maximum reflectivity, evaluated for all tracks belonging to a specific duration class for each instant of their lifecycle, were calculated and they are shown in Figure 3 . According to Figure 3 , the cells rapidly increase their reflectivity in the first stages of their lifecycle, generally reaching the maximum value of maximum reflectivity at about the middle of their life or even earlier. After the peak, they slowly dissipate leading to lower values of reflectivity.
The duration of the tracks is linked with both the absolute maximum and the mean value of reflectivity of the cell during its life cycle, as shown in Figure 4 . The average difference between a short and a long life thunderstorm, in terms of maximum reflectivity, is about 6 dB. Therefore a long lasting thunderstorm produces more rainfall than a shorter one for two reasons: (1) the longest persistence; and (2) the highest average intensity. Despite the fact that it is not possible to forecast the duration of a storm on the only basis of its properties during the first stages of life [18] , the results presented in Figure 3 suggest the existence of a relation between the maximum of reflectivity in the first stages of the thunderstorm life cycle and the duration of the entire convective event.
In an unstable atmospheric environment, a convective cell will undergo a rapid development (stronger updrafts are associated with higher instability). At the same time, the availability of unstable moist flows in the low troposphere will increase the chances for the storms to last longer and produce more severe weather.
To analyse this behaviour, the tracks were divided into three categories, according to their duration: short (less than 40 min), medium (between 40 and 60 min) and long (more than one hour). The values of maximum reflectivity at the second stage of development of every cell was used in this analysis: they were clustered in 2 dB-wide classes ranging from 40 dBZ to the maximum value recorded.
In this way the relation between the storm duration and the storm maximum reflectivity at the second instant of detection (defined as the second detection of the same cell by the tracking algorithm) was investigated ( Figure 5 ). The percentage of the shortest storms slowly decreases as the maximum reflectivity increases. A storm characterized by a maximum reflectivity in the 40-42 dBZ class at the second instant of detection has a probability of about 90% to deplete in the following 20 min. This probability decreases to about 50% when the maximum reflectivity increases to 55 dBZ. These results may provide a useful statistical clue for an automated nowcasting procedure, especially when the first and second value of the maximum reflectivity for a given cell are low, i.e., there is a very high probability that the considered cell will dissolve shortly. Table 2 show how the number of thunderstorms tracked is inversely dependent on duration. In particular, about 49% of the tracks in the dataset survived only 20 min. To focus the attention only on the most relevant phenomena, the shortest tracks (20 min) were excluded from the successive analyses. This choice is strengthened by observing that the rainfall associated with the thunderstorms is rapidly increasing with the duration of the storm (not shown): a storm lasting only 20 min produces about half of the rainfall with respect to one lasting 30 min, and about 16% of a storm lasting one hour. Therefore it is possible to conclude that convective cells lasting less than 30 min have a relatively low impact on the territory.
The Daily and Seasonal Distribution of Thunderstorms
The number of thunderstorms lasting at least 30 min is 18,240 which means about 16 storms per day over the target area. This subset was subdivided according to the hour of the day in which the cell was identified for the first time. To this end, the centroid attributes (position, time, etc.) of the first cell identification are taken as a marker of the tracking itself and are hereafter referred as Initial Detection (ID). This instant is defined as the time in which the maximum reflectivity of the cell exceeds the threshold of 40 dBZ.
The analysis of the hourly distribution of the IDs of each track is plotted in Figure 6 , and it shows a rapid and almost linear increase of the number of thunderstorms from the morning (9 UTC, i.e., 11 a.m. local time) to the early afternoon (13 UTC, 3 p.m. local time). After the peak at 2 UTC, the number of events detected decreases continuously and smoothly until 21 UTC (11 p.m. local time) and more irregularly afterwards. The sharp timing of the peak suggests a prevalence of afternoon ordinary thunderstorms in the target area during the six spring/summer considered months. This is also confirmed by the time delay between the maximum of incoming solar radiation (normally at noon, local time) and the time of the initial detection maximum (3 p.m. local time). This delay is comparable to the theoretical delay between the peak of the forcing solar radiation flux and the peak of the soil surface temperature, in the hypothesis of a sinusoidal thermal forcing [19] .
Another foremost feature is the delay found in the morning, between the sunrise and the moment of the abrupt increase of the initial detection IDs (around 11 a.m. local time). The reason is likely related to the feeble solar radiation in the first hours of the morning, which prevents the thermals from overcoming the resistance of the boundary layer inversion. Later in the morning, once the thermals become able to reach the lifting condensation level (LCL), over which the atmosphere often becomes unstable, a quick growth in the number of thunderstorms is observed (threefold increase over three hours). Figure 7 shows other data which may help to understand the dynamic of the thunderstorm daily variability: the maximum reflectivity and the distance travelled by the cells. To obtain the latter parameter (which represents the mean values of the distance travelled by a thunderstorm during its life cycle) the distance between the first and the last detection was calculated. With this method, however, no information about the irregularity of the trajectory is retained. The daily variation of both parameters is small (2 dB for reflectivity, and 5 km for the distance), but still significant. The maximum reflectivity shows a peak in the late afternoon (with an irregular plateau of 50.5 dBZ between 14 UTC and 17 UTC, i.e., 16 and 19 local time), occurring about 2-4 h after the observed the first detection maximum ( Figure 6 ). A completely opposite behaviour is shown by the travelled distance (Figure 7) , which is quite noisy at night and characterized by a well defined minimum during the afternoon (when thunderstorms are more frequent and intense). These results confirm the previously argued hypothesis about the prevalence of ordinary storms during the hottest hours of the day. In fact, these thunderstorms are often quasi-stationary and their downdrafts usually self-destroy their updrafts in the active phase of the storm [20] . As the data cover a period of 6 months, it was also possible to analyze the monthly variability of the above-mentioned physical parameters (not shown). The strongest thunderstorms are detected in July, the weakest in April. The mean maximum reflectivity difference between these two extremes is almost 4 dB. The distance travelled by thunderstorms is low from April to July, then peaks in August, and again it slightly decreases in September. The largest values observed in August and September may be explained considering that: (1) the higher number of cold advections, typical of the late Summer in this area, often generates storms along the cold front, thus able to cover longer distances; (2) the high values of the sea surface temperature in the late Summer favour the storms generation over the sea, which, as discussed later in Section 3.6, often travel longer distances.
The Spatial Distribution of IDs Over the Region
The analysis presented in the previous section highlighted the general behavior of convective cells over the entire target area. The objective of the following analysis is to focus on the small scale features, in order to detect possible preferential regions for thunderstorm development. The whole target area was split into pixels of fixed dimension, and all thunderstorms whose ID lay in the same pixel were studied together. In such way, different statistics regarding all the parameters studied were extracted.
In order to obtain a good spatial resolution and a low level of noise, an oversampling technique was used in order to extract a clearer pattern from a high-resolution map. In the specific case, the starting map has a resolution of 2 × 2 km 2 . The oversampling was carried out adopting the Barnes 2D distance-dependent weight function [21] calculating the weighted average of each pixel with all the neighboring pixels in a radius of 5 km, according to the equation:
where t k smoothed and t i original represent respectively the pixels after and before the smoothing, r i,k is the distance between the i-th and k-th pixels. The length scale L has been set to two times the data spacing (L = 4 km), according to [22] . Figure 8 shows the spatial distribution of the IDs density after the application of the oversampling algorithm. The highest densities are located on the western side of the target area, and four relative maxima are evident, from North to South: (1) near Biella (at the southeastern border of the Valle d'Aosta); (2) the Canavese region (from Val di Susa to Valli di Lanzo); (3) East of Mount Monviso; and (4) near Genova, over Mount Beigua, on the Apennines. The highest IDs densities are located close to the mountains, while there is a steep density decrease over the valleys and plains. There are other three areas where the densities are lower than the aforementioned maxima, but still relevant: (1) a large area near Torino; (2) an oblongly linear pattern along the Susa valley, at West; and (3) a scattered group of relative maxima near the Lake Maggiore, at the border with Lombardy region, at the North-East. On the other hand, Ligurian Sea and the provinces of Asti and Alessandria, placed on the eastern side of Piemonte region, show lower storm densities. The two relevant maxima near the Mount Monviso and West of Torino are hereafter analyzed in more detail. A zoom over the Monviso area clearly shows two distinct IDs density maxima located at the eastern foot of the mountain (Figure 9 ). This mountain, whose top exceeds by about 1000 m the neighboring orography, forces the humid westward-moving air blowing from the plains to lift, increasing the chance of storm generation when the atmosphere is conditionally unstable. The isolines of IDs density seem to embrace the mountain tops in this area. The two symmetric relative maxima, disposed along the two sides of the high Po Valley, represent an outstanding example of storms triggered by the topography. The value of IDs density relative maximum in the Torino area (Figure 10 ) is about the 30% less with respect to those near Mount Monviso. However, this area deserves a special interest due to the large number of inhabitants (about 1 million) and infrastructures. The maximum is located over the western side of the city, near the entrance of the Val di Susa which is the most highly populated part of the city. To further investigate this maximum of IDs density, the main properties of the storms over the Torino area (defined as a box of 40 × 40 km centred over the city) was examined: whilst duration and mean covered distance are generally equal to the averages values of the target area, some differences are found in the reflectivity values. Storm occurring over the Torino area show higher values of both maximum reflectivity and mean value of reflectivity. In terms of precipitation, they discharge about 20% more rainfall than the average of storms over the target area.
To deepen this peculiar feature, a map of the distribution of average maximum reflectivity was computed (not shown). The increased reflectivity maximum is particularly evident about 20-40 km on the eastern side of the city. There are many possible causes of such a maximum, as the local breeze circulation associated to the peculiar topography of the area, or the close distance between the area and the Bric della Croce radar, or even possibly a Urban Heat Island effect. In any case, the analysis of this feature goes beyond the scope of this study. Figure 6 has shown that the largest number of IDs is concentrated in the afternoon hours. The variation of the location of the IDs during the day is hereafter considered. To this end, the day is subdivided in four periods: night (20-04 UTC), morning (04-12 UTC), afternoon (12-15 UTC) and evening (15) (16) (17) (18) (19) (20) .
The Spatial Distribution of IDs in the Different Hours of the Day
During the morning (Figure 11b ) many maxima are located in a narrow line skirting the Alps (in the so-called prealpine area). During the night (Figure 11a ), in addition to the several density peaks located in the area close to the mountains, some other maxima are visible over the plains, so that storm locations at night look definitely more scattered than in the morning. This specific pattern can be attributed to the prevailing mechanisms of thunderstorm generation during daytime and nighttime. In the morning the storms are mainly triggered by the heating brought by the solar radiation. At night time, due to radiative cooling of the valleys slopes, the storms may often be generated by the mountain-valley breeze, triggering convection where the mountain cool downward-flow encounters the warmer air over the plains.
Another peculiar point is that, during night-time, few IDs are observed over Liguria, except a maximum close to Mount Beigua, near Genova. On the contrary, in the morning hours, Liguria shows a high number of maxima, favored by the interaction of the daytime sea breeze circulation (directed towards the land) with the mountains. Figure 11c ,d shows the observed pattern of IDs distribution during the afternoon and the evening hours. In the afternoon (Figure 11c ), thunderstorms are generated over almost the whole Alpine Arc. This pattern partially overlaps the morning density distribution, the main difference being represented by the storms detected on the French side in the South-Western sector. This feature clearly strengthen the hypothesis of the prevailing radiative origin of the storms in the mountainous regions: the exposure of the mountain sides to the solar radiation reinforces the breeze which favor the onset of enhanced upward motions. Indeed, most of the mountain slopes oriented Southward or South-eastward (i.e., those located in the western and northern sectors) show their local maxima of IDs already in the morning, while the South-westward oriented slopes in France show a relevant storm density in the afternoon.
The distribution of the evening maxima ( Figure 11d ) looks less defined and highly scattered. There are many maxima distributed not only along the Alps and Prealps, but also over the plains, covering the entire Western Piemonte. A wide area of maxima covers the area between Biella (at North) and the Canavese, at North-West. The Torino area shows a large density of IDs too, confirming the local common experience that in Torino thunderstorms frequently occur in the late afternoon.
Summarizing the above-mentioned findings, it can be stated that the most favorable areas for triggering storms are strongly linked in North-western Italy to the effect caused by the orographic reliefs and in particular to the presence of mountain-induced breeze regimes. This is particularly evident in some areas, specifically near to Mount Monviso and Mount Beigua, where maxima highly localized both in space and time are present.
The Preferential Direction of the Storms
This section focuses on the tracked storms' motion. To this end, using the starting and final point of each tracking, angles representing the average direction of the storm were evaluated. The obtained angles were grouped in sectors 10 degrees wide, and are represented as provenance directions, in order to be comparable with those of the upper-air winds (see Section 3.6). Figure 12a (black line) shows the distribution of the daily average of the above-mentioned angles. A prevailing direction emerges from this figure: the majority of the events moves from the sectors located between SSW and W, with a peak around South-West. About the 26% of the storms moved from sectors between 200°and 240°. In addition to this, in Figure 12b we reported the distribution of the tracking in different moments of the day, as defined in Section 3.4. Interestingly, even if the areas of storm triggering change significantly during the day, the average distribution of the storms direction is almost the same. This finding will be analyzed more in detail in Section 3.6.
In any case, in order to get more insight on the spatial distribution of these angles, the domain was subdivided in a 16-km resolution grid box. The mean values of the direction and distance travelled, as well as the IDs mean densities, were calculated. To favour the reader, instead of the direction of provenance, the thunderstorms heading is reported in Figure 13 . To keep the statistic results significant, the values of direction and travelled distance were plotted only when a sufficient number of storms (more than 5 events) was found in each pixel. The figure highlights different preferential storm heading in the Northern (heading North-West) and South-Western (heading West) Piemonte. The field is relatively smooth and shows a gradual clockwise rotation and increased travelled distance in the central Piemonte, moving from the mountains to the plains. Concerning the Liguria region, the sparse storms which originate over the Ligurian Sea move from South-West to North-East and cover longer distances respect to the in-land storms.
The Relation with Free Atmosphere Winds
The results of the previous section suggest the existence of a possible correlation between the direction of the storms and the wind. Therefore the identification of an atmospheric level whose wind mostly affects the direction of the storms was carried out. To this end, all radiosoundings performed at 00 UTC and 12 UTC at the station of Cuneo Levaldigi (located in the Southern Piemonte) were analyzed. When these data were not available, those from the station of Milano Linate were used instead. Both stations are located in the target area, as shown in Figure 1 .
In order to maintain a daily basis for the analysis (since the number of storm per day is small) we computed for each day the average of the three soundings (00, 12, 24 UTC), with different weights (0.25, 0.50, 0.25). In order to consider the resulting average, at least two over three soundings must be retrieved (otherwise the day is considered missing). The total number of days in the analyzed period is 1098, and for 1087 days it was possible to define a daily value from radiosounding. We remark that the triple mean on the sounding data is performed to have a value representative for the whole day. In a real-time application the most recent sounding should be used or alternatively a sounding from a numerical model for a given lead time forecast.
Convective events occurred in 682 days, and for 675 days the radiosounding were available (i.e., about the 99% of the days). Four levels were selected for this analysis: 850, 700, 500 and 300 hPa. The first one may be considered as representative of the boundary layer, the second of the lower free troposphere (within the Alps), the third one of the free atmosphere (above the Alps), and the latter of the high troposphere, immediately below the tropopause. The direction of provenance was considered for the storm tracks, in order to make the comparison with the wind direction measurements. The distribution of the four level wind directions from radiosoundings and the storm track directions are reported in Figure 12 . It is evident that only the winds in the three upper layers have a distribution similar to that of the storm tracks. Moreover, as shown in Figure 12b , the distribution of the storm is almost independent from the different hours of the day, suggesting that the main role in heading the storms over the target area can be addressed to the mid-tropospheric wind and that local breeze system can probably only affect the triggering areas. In any case, the selection of the most representative wind level for the storm motion is an issue still debated in literature. There have been several different proposals, likely related to the local climatology of the studied area. For instance, in the US, usually the mean wind in the lower layers of the troposphere has been considered (Johns et al. [23] used the mean wind in the first 6 km of troposphere). In Europe other authors [24] have used the mean wind between 2 and 5 km of altitude.
To get more quantitative results the correlations among winds at different levels and storm tracks (direction, speed module, speed vectors) were investigated. For the storm track directions and speed vectors, correlation coefficients (
2 ) were evaluated. Since these data are angles or vectors, they were calculated using their components, adopting the vector correlation introduced by Crosby et al. [25] . When data considered are angles (i.e., in case of track directions), the vector length is supposed unitary. Values of 2 calculated in this way range between 0 (absence of any correlation) and 2 (perfect correlation). For the speed module, instead, the correlation coefficient was calculated as usual, adopting the Pearson method. Considering the different choices made by different authors and the fact that a similar analysis has not been carried out previously on the Italian territory, also the mean values in the tropospheric layers 850-500 hPa and 700-500 hPa were included in the analysis. The results are reported in Table 3 . The highest correlation is observed considering the mean value of wind in the layer 500-700 hPa, i.e., between about 3000 and 5500 m a.s.l.. Very high values for correlation coefficients have been also obtained considering the 500 hPa level, suggesting that the adoption of the wind field at this unique level could be very useful for the operational nowcasting. The values of the correlation coefficient also confirm that storm paths are not correlated with 850 hPa winds (i.e., about 1500 m). This fact is not surprising as, in the target area, the altitude of many Alpine mountains is higher than this level, thus the circulation during summertime is mainly affected by the complex topography and by the correlated system of local winds. For this reason, in the analyzed area the approach of Johns et al. [23] is not convenient.
In order to discriminate between different synoptic conditions, a further analysis was carried out considering the direction of the mean wind speed in the layer 500-700 hPa. Since the wind direction in the mid-troposphere is not uniformly distributed, all storm tracks were subdivided into four sectors with different angular extent: East (directions of provenance between 0°and 180°, with a total of 3636 tracks); South-South-West, 180°-240°, with 5734 tracks; West, 240°-300°, with 5930 tracks; and North-North-West, 300°-360°, with 2230 tracks. The results are plotted in Figure 14 and the statistical summary is reported in Table 4 . This subdivision was carried out adopting the 12 UTC radiosounding for storms occurring between 06 UTC and 18 UTC, and the radiosounding at 00 UTC for the remaining storms. The majority of thunderstorms and the highest probability of occurrence of a thunderstorm are both associated with Westerly or South-Westerly wind, as shown in Table 4 . This behaviour is likely due to the different amount of moisture associated with the dominant mid-tropospheric flow. In North-Western Italy, the North-Westerly flows are normally drier than those coming from the other sectors, due to the katabatic winds (foehn wind) originated across the Alpine mountain reliefs [26] . On the contrary, despite the air coming from Eastern sectors is originally dry, during the travel over the Po valley its moisture content increases due to the relatively high humidity over the plains. Finally, the South-Westerly flows carry humidity from the Mediterranean Sea, and the Westerly flows from the Atlantic Ocean, thus increasing the possibility of convective precipitations (82% and 65%, respectively, of stormy days from these sectors). Figure 14 clearly shows the high impact of the mean wind direction in the layer 500-700 hPa on the direction of the storm tracks. The lengths of the vectors in the figure also reveals that the distance travelled by the storms varies accordingly to the mean wind speed. Mean wind intensities are different in each sector analyzed: as shown in Table 4 , the mean wind speeds are generally lower for the Eastern and North-North-Western sectors, and higher for the South-South-Western and Western sectors. Storm track travelled distances show a similar behaviour.
Despite the differences regarding the number of events and the distance covered by the storms, it is worth noting that the spatial distribution of the IDs densities show little variability at the 16 km resolution, for different upper air winds (Figure 14) . Therefore, whilst the midtropospheric wind shows a considerable impact on the movement of the storm, it does not influence significantly the location of the areas most suitable for generating thunderstorms, generally located along the Alpine foothills arc.
Conclusions
In this paper, a comprehensive study of convective storms over North-Western Italy have been performed in order to establish a starting point in the climatological analysis of those events, given the scarcity of similar previous studies carried out over the Alps and the complete lack regarding Italy.
To this end, all thunderstorms occurred during the warmest months (April to September) of a 6-year period (2005-2010) over the North-Western Italy were analyzed considering the data collected by the Arpa Piemonte weather radar network. The tracks of each storm were evaluated using a storm-tracking algorithm (based on the COTREC method) operationally used at Arpa Piemonte. A preliminary pre-processing operation, aimed at excluding from the database all tracks referring to storms too weak or located in areas affected by poor radar visibility, was performed. Afterwards, several characteristics of the storms were analyzed: the duration of the storms, the spatial and the temporal distribution of the tracks, their direction and the travelled distance.
The results of the global analysis of the storm tracks distribution allowed to quantify experimentally some features of thunderstorms qualitatively already known: the seasonal distribution of the storms and the daytime distribution were analyzed, showing that storms are more frequent and intense in July and August and during the afternoon hours. Moreover, the timing of the maximum occurrence and intensity are well correlated with the periods of the year and day in which the soil temperature is higher, suggesting the prevalence in this region of afternoon ordinary storms.
A deeper analysis on the storm development revealed a typical life cycle. The maxima of precipitation, intimately connected with the maximum reflectivity, are often recorded in the first half of the storm life, while the maxima of the areal extension of storms are found in the last part of the life cycle. Interestingly, long lasting storms usually reach higher values of reflectivity, suggesting that the impact (in terms of rainfall) of storms with high duration is notably greater than short lasting ones.
Another foremost characteristic, potentially useful for the nowcasting of the storm evolution, emerged: a meaningful correlation between the intensity of the storms in the first stages of their life cycle and the duration of the storms is found. In particular, a convective cell showing relatively low values of reflectivity during the first stages will have a very high probability of dissolving quickly: for example, a cell showing a maximum reflectivity not exceeding 45 dBZ in the first 20 min of its life will decay in the following 10 min with a probability of about 90%.
The analysis of the spatial distribution of the thunderstorms allowed to highlight some specific areas most suitable for the generation of convective cells. These regions are located in proximity of hills or mountains, suggesting an active role of the topography in triggering storms. Moreover, the variation of the distribution of the above mentioned areas during the different hours of the day suggests that the solar radiation plays a dominant role in the generation of convective cells. The analysis also showed that the distance travelled by the storms is shorter in proximity of the mountains and larger over the plains and sea. Therefore, it is possible to infer that the storms triggering over the considered region is mainly caused by the combination of solar radiation and orographic reliefs, which favors the development of local scale breeze system.
The last part of the study was devoted to analyze the correlation among the storm direction, the travelled distance and the mean wind speed. Measurements of wind speeds were obtained from the radiosounding station of Cuneo Levaldigi and Milano Linate. The results show that preferential direction of movement of the storms is strictly linked with the mean wind in the layers between 500 hPa and 700 hPa, i.e., well above the boundary layer and also above the mean level of the Alpine mountains. A last analysis was carried out in order to characterize the storms with respect to the synoptic condition: the South-Westerly mean wind emerged as a key element to favor the triggering of the convective activity over the target area. On the other side, it is worth noting that the mean wind has a negligible impact on the spatial distribution of the storms.
Finally, it is remarked that the whole dataset described in this work, which could be easily extended in the future, gives the opportunity to create an operational archive that may provide important information able to improve the nowcasting activities of the ARPA Piemonte weather service. A larger dataset will also provide the opportunity to explore some of the findings that, due to the short temporal extension of the present dataset, have been not analysed in this work. In this way, we hope to infer some more details about the maximum of reflectivity above the Torino area, investigating its possible relation with the Urban Heat Island effect. A dataset encompassing a larger number of years will also give the opportunity to study possible climatic effects, as the ones associated with the North Atlantic Oscillation, on the thunderstorm distribution over the North-Western Italy.
